We developed a new method for synthesizing multiblock Ag-Au-Ag nanorods using Pt nanoframes that had been deposited on the edges of Au nanorod seeds. As a function of Au etching time, the length of the Au nanorod decreased symmetrically starting from the two ends, leading to the formation of empty inner space at the ends. Subsequent reduction of Ag ions could be selectively performed in the inner space confined by Pt nanoframes and the resulting Ag-Au-Ag nanorods exhibited characteristic LSPR modes originating from each block component (in a transverse direction) and SPR coupling (in a longitudinal direction).
We developed a new method for synthesizing multiblock
Ag-Au-Ag nanorods using Pt nanoframes that had been deposited on the edges of Au nanorod seeds. As a function of Au etching time, the length of the Au nanorod decreased symmetrically starting from the two ends, leading to the formation of empty inner space at the ends. Subsequent reduction of Ag ions could be selectively performed in the inner space confined by Pt nanoframes and the resulting Ag-Au-Ag nanorods exhibited characteristic LSPR modes originating from each block component (in a transverse direction) and SPR coupling (in a longitudinal direction).
The high quality of the resulting multiblock nanorods enabled observation of the longitudinal quadrupole mode that was induced by Ag-Au SPR coupling in a long axis. The mode exhibited high sensitivity in accordance with the change in the surrounding media, demonstrating great potential for sensor applications.
Bimetallic nanoparticles have been extensively studied because they exhibit unique optical, catalytic, and electronic properties due to synergistic effects, in addition to the independent properties originating from each component. 1 Au and Ag are considered the most promising metal candidates for plasmonic hybrid metal nanoparticles due to their plasmonic performance. 2, 3 Specifically, Au nanoparticles are readily manipulated in terms of shape tuning and structural stability, 4 and Ag nanoparticles show more sensitive and stronger optical characteristics than Au nanoparticles. 5 Enhanced plasmonic features of bimetallic Ag-Au nanoparticles opened doors for great potential uses in the area of SERS substrates, 6 biosensors 7 and tracking food spoilage. 8 Specifically, bimetallic Ag-Au nanoparticles showed larger localized surface plasmon resonance (LSPR) peak shifting as a result of changes in the chemical surroundings compared to analogous monometallic single component nanoparticles. Additionally, structural change has considerable influence on plasmonic properties, which has been proven through various shape studies, such as in nanoshuttles, nanoboxes and core-shell spheres. 6,9,10 Among them, Au-Ag bimetallic nanorods (NRs) are of great interest because of their distinct LSPR modes, transverse mode and longitudinal mode, originating from electron oscillation along the short axis and long axis of the NR, respectively.
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The longitudinal mode is suitable for tuning in the near IR region where the LSPR sensitivity is greatly enhanced compared to the UV-visible spectral window. 12 Furthermore it can be readily controlled as a function of the aspect ratios. 13 Until recently, a common method for fabricating Ag-Au-Ag NRs in the solution phase has involved hard templates or seed-mediated growth approaches. [14] [15] [16] Given that there are a myriad of established synthetic routes for pure Au NRs with good homogeneity and aspect ratios, 17, 18 it would be desirable to develop a means to tailor their components without changing the total intrinsic aspect ratios for synthetic versatility. In this work, we suggest that thin Pt nanoframes could successfully guide the selective growth of Ag on the two ends of Au NRs, and precise control of the relative ratio of Ag and Au blocks in a single entity is feasible. This synthetic strategy allowed the observation of a higher-order LSPR mode that was sensitive to the chemical environment surrounding the multiblock NRs. The control of the size and shape uniformity of Au NRs is well established and high-quality Au NR synthesis is readily achievable by utilizing a well-known solution phase synthesis. 17 For fabricating Ag-Au-Ag NRs, we utilized Au NRs as a starting mold. The final size and shape of Ag-Au-Ag NRs are similarly replicated by copying the physical dimensions of Au NRs, as described in Fig. 1 . Au NRs were prepared by a seed-mediated dropwise-addition method (Fig. 1B) . Next, for edge-preferential deposition of Pt, thin Ag layers were first coated onto Au NRs and then Pt 4+ ions were added. During the Pt 4+ ion addition step, the Ag layer was oxidized to Ag + and simultaneously Pt 4+ was reduced to Pt preferentially on the edges of NRs where the surface energy is highest because the exposed surface atoms have the lowest coordination number. [19] [20] [21] A thin layer of Ag plays a role in reducing a little amount of Pt, only enough for edge decoration, which prevents complete coating, resulting in Au@Pt NRs (Fig. 1C) . 22 Herein, the edge-preferentiallydeposited Pt acts as a template. Incomplete coating of Pt enables the partial exposure of Au NRs to an etchant (HAuCl 4 ). Interestingly, when the etchant was added to this solution, selective etching occurred starting from the tips of the Au@Pt NRs along the long axis. This selective etching process induces the symmetric formation of empty inner spaces at the ends, which are enclosed by Pt nanoframes, as well as the formation of Au nanoblocks in the middle domain ( Fig. 1D) . Geometrically, the curved tips are more open to etchant contact than the flat side facets. [23] [24] [25] Once tip-initiated selective etching occurs, the etching proceeds along the long axis with minimal side facet etching. This process is analogous to cathodic protection, where the less noble metal works as a sacrificial metal and oxidizes first when it is in contact with the more noble metal to be protected. The tips are geometrically more vulnerable to the etching environment, and once the etching proceeds at the tips, the irregularly etched tips become unstable and further etch out without the etching of side facets. Lastly, the subsequent reduction of Ag ions could be selectively performed in the inner space confined by Pt nanoframes, leading to well-defined multiblock Ag-Au-Ag NRs (Fig. 1E) . By controlling the etching time, the relative proportions of empty inner space and the length of the remaining Au block are readily tunable ( Fig. 2A-C) . The SEM images show three different types of Au nanoblock@Pt nanoframes with Au block lengths of 288 ± 19, 196 ± 18 and 121 ± 10 nm after etching times of 3, 10 and 15 min respectively. As the etching time increased, the length of the remaining Au block decreased and accordingly the portion of empty space increased. The inner space confined by Pt nanoframes works as a nano-reactor. The selective growth of Ag blocks was possibly performed in the empty space. The Pt nanoframes successfully guided the selective growth of Ag on the remaining two Au nanoblock ends, and the precise control of the relative ratios of Ag and Au blocks in a single entity was feasible, as shown in Fig. 2D-F . Interestingly, the final size of the Ag-Au-Ag NRs is very similar to that of the starting pure Au NRs. Typically, the Au NRs with diameters of 57 ± 3 nm and length of 392 ± 16 nm could be converted to multiblock Ag-Au-Ag NRs with diameters of 65 ± 4 nm and lengths of 402 ± 18 nm, showing little change in either diameter or length, before and after the component conversion process. As exhibited in transmission electron microscopy elemental mapping ( panels G & H), the inner bright block consists of Au and the two ends mainly of Ag. The Pt nanoframes serving as in situ templates are homogeneously distributed over the entire NR surface area. In our synthetic strategy, the Pt nanoframes play an important role in the formation of multiblock Ag-Ag-Ag NRs. Without Pt nanoframes, Ag reduction occurs over the whole surface without selective growth at the tips, leading to core-shell NRs (Fig. S1 , in the ESI †). In contrast, when the Pt was unselectively decorated on the Au NRs (i.e. homogeneous coating on the entire Au surface), during the Au etching step, the Au etching randomly occurred without tip-initiative selective etching (Fig. S2 †) . The edge-preferential deposition of Pt is the key step for selective etching and the selective growth of Ag at the two ends of Au NRs. Typically, Au@Pt NRs contained ca. 25% of Pt analyzed by inductively coupled plasma mass spectroscopy (ICP-MS).
The high uniformity of our samples at each synthetic step allowed for detailed investigation of the corresponding LSPR bands. We obtained UV-vis-NIR spectra during the selective etching starting from the two ends of Au NRs, corresponding to the SEM images in Fig. 2A -C, and plotted them in Fig. 3A (red, yellow, and blue dashed traces, respectively). For comparison, the spectra of pure Au NRs and Pt-edge-decorated Au@Pt NRs were plotted together with solid black and grey lines. Au NRs (L = 392 ± 16 nm, d = 57 ± 3 nm) exhibited a quadrupole longitudinal mode at 894 nm, in addition to the dipole transverse mode at 521 nm. After the selective deposition of Pt on the edges of Au NRs, both bands of Au@Pt NRs were redshifted to 993 nm and 558 nm accompanied by band broadening and intensity damping. The red-shift originates from surface plasmon (SP) coupling between Au and Pt components, where the surface free electron oscillation of Pt behaves like that of Au instead of showing its own unique optical features. Additionally, the rough surface contributes to an increased electron oscillation path length, which consequently induced a redshift of both bands along the short and long axes. As the etching of the inner Au proceeded, all characteristic peaks disappeared and eventually no features were observed when the inner Au block was completely etched out (Fig. 3A) . After the growth of Ag in the inner space, interestingly, both of the LSPR bands reappeared at 503 and 861 nm, with an additional feature at 417 nm indicating the presence of Ag in the blocks (Fig. 3B) . The peak at 417 nm is the dipole transverse mode originating from the two Ag end blocks. The relative intensity of transverse modes from Au and Ag blocks varied as a function of block portions.
In contrast, as in the case of pure Au NRs, one longitudinal quadrupole mode reappeared at 861 nm, although there are two components (i.e., Au and Ag). In our previous work, we synthesized Au-Ag-Au multiblock NRs and observed the longitudinal LSPR bands resulting from LSPR coupling between Au and Ag blocks. 26 Regardless of the relative portion of block composition, the characteristic longitudinal LSPR profile of the resulting Ag-Au-Ag multiblock NRs is fairly similar to that of single component Au NRs when the aspect ratios of the NRs are comparable. The inner Au block participates in the longitudinal charge density oscillation in connection with the two Ag ends, which allows the NRs to behave as a single entity. At longer wavelengths, the optical constants of Ag and Au are very similar, and consequently the peak positions of longitudinal LSPR modes are not determined by the portions of the blocks 27 but mainly by the total aspect ratio. It is noteworthy that the longitudinal quadrupole mode is typically observable in homogeneous high quality NRs with crystallinity. 28 The reappearance of characteristic transverse and longitudinal bands indicates the quality level of our multiblock NRs after partial component conversion from Au to Ag. We have calculated the corresponding spectra using the discrete dipole approximation (DDA), and the calculations (Fig. 3C) show quite good agreement with the experiment, although we failed to resolve the additional higher-order modes at 660 nm as the calculation predicted. In order to observe the higher order mode of LSPR, effective phase retardation, which is facile on NRs with good crystallinity, should occur. As shown in the spectrum of pure Au NRs (black solid line in Fig. 3A) , there is a small feature at 671 nm and it can be assigned to a higher order mode of the longitudinal LSPR band. The good crystallinity of pure Au NRs allowed effective phase retardation in the surface free electron oscillation, but our resulting Ag-Au-Ag only exhibited the longitudinal quadrupole LSPR band, indicating a lower degree of crystallinity for the Ag two ends as compared to the pure Au NRs. In order to evaluate the sensor application possibilities of multiblock Ag-Au-Ag NRs, we analyzed the interaction between the LSPR bands and the chemical environment surrounding the Ag-Au-Ag NRs. A mixture of pure water and dimethyl sulfoxide (DMSO) was mixed for the variation of the refractive index of solvents. An increase in the refractive index of the solvent usually induces a redshift in the peak positions. 29 As shown in Fig. 4A , the quadrupole mode (at 849 nm)
of multiblock Ag-Au-Ag NRs linearly redshifted to 973 nm as the refractive index of the surrounding solvents varied from 1.327 (DMSO 0%) to 1.446 (DMSO 75%), respectively, while there was little change in the peak position of transverse LSPR modes. A sensitivity of 1042 nm RIU −1 was obtained by calculating the slope of the peak fitting curve in the plot of peak wavelength versus refractive index. The Ag-Au-Ag NRs showed about two times greater sensitivity than pure Au NRs (512 nm RIU −1 ) under similar experimental conditions (Fig. 4B ). In our previous report, we found that the LSPR between the Au and Ag blocks could be affected by the change in the chemical environment that is induced by the adsorption of antigen and antibodies. 7 Similarly, when LSPR coupling is involved, the coherent oscillation of surface free electrons in Au and Ag blocks will be disturbed more by a change in the local dielectric constant than in the case of pure Au NRs (i.e. when LSPR coupling is absent). Therefore, it would be more advantageous to use multiblock NRs for LSPR-based sensor applications rather than the analogous single-component pure Au NRs.
Conclusions
In conclusion, we suggest a facile synthetic pathway to convert parts of pure Au NRs to multiblock Ag-Au-Ag NRs in the solution phase. The critical synthetic strategy involved the sitespecific deposition of Pt on the edges of Au NRs. Geometrically, the tips were more vulnerable to the etchant contact than other flat facets, and consequently the selective etching process started from the two tips. By varying Au etching time, the length of the Au NRs was systematically controlled, leading to the formation of an empty inner space at the ends. The following selective reduction of Ag ions in the inner empty space allowed the formation of Ag-Au-Ag NRs, exhibiting welldefined characteristic LSPR modes. The high quality of the resulting multiblock NRs enabled observation of the longitudinal quadrupole mode that was induced by Ag-Au SPR coupling along the long axis. The mode exhibited high sensitivity towards the change in the surrounding media, showing great potential in sensor applications. The suggested synthetic method will create a new venue for component fine-tuning of pure noble metal nanoparticles. 
